Very few mass stranding events of invertebrates have been reported. In this paper, we report a mass stranding of multiple benthic organisms occurred at Punta Umbría beach (S Spain) after the passage of storm Emma (28 February to 5 March 2018). The most abundant organisms were identified, and exceptional meteorological and oceanographic events were analyzed, as a basis to understand the causes of stranding. The morphodynamic changes affecting the beach profile during the storm were inferred using a cross shore depth-integrated and time averaged numerical model (CSHORE). Among the stranded species, decapods (Upogebia spp., Atelecyclus undecimdentatus), sipunculids (Sipunculus nudus), starfish (Astropecten sp.), and sessile tunicates were dominant. Storm Emma involved extreme significant wave heights of up to 7.27 m, low pressures, strong SW winds, precipitations and spring tides that modified the seabed elevation to depth as deep as −10 m. Simulations suggest that benthic organisms living at a water depth between −10 to −0.3 m were buried under a layer of sediment of up to ca. 10 cm deposited during the storm. This burial preceded the transport of intertidal and subtidal benthic organisms to the dry beach, causing their stranding. Impacts on the quality of habitat, biodiversity and the productivity of coastal ecosystems are discussed.
Introduction
There is a vast literature on the stranding of marine vertebrate species (particularly cetaceans); however, very few stranding and mass mortality of invertebrates have been reported. The most frequent biotic causes of mass-mortality events include toxicity, due to toxic algal blooms [1, 2] , the appearance of diseases [3, 4] , or mortality following spawning events. Among the abiotic causes, the most frequent are storms, currents or strong waves, changes in temperature and salinity, hypoxia, emersion during low tide or oil spills [5] . In the particular case of storms, benthic invertebrate mortality can occur either because they are covered by sediment or because they are dragged to the dry beach [6] . In any case, mass mortalities or strandings usually affect one single species [5, [7] [8] [9] [10] , and there are hardly any reported cases that affect multiple taxonomic groups.
Except for mortalities following spawning [11] , which can be considered a natural and periodic event, all other cases of strandings are related to extreme and unexpected events, which make them difficult to forecast or in depth analyze. This eventuality limits the amount of information that can The coast is affected by a meso-tidal regime with an average tide range of 2.2 m (maximum range in spring tides = 3.7 m, and in neap tides = 0.7 m). The average significant wave height (Hs) in the study area is 0.7 m and an average wavelength of ca. 40 m acts on the open systems of the coast. The dominant waves come from the southwest (SW), and the beach is orientated ca. 118 deg measured clockwise to the North, which gives rise to a coastal drift that transports sediment from west to east and that is responsible for the construction of the beaches and the sandy formations located in front of the fluvial estuaries [21] . The climate in the Mediterranean consists of hot and dry summers, and mild and humid winters. The average temperature and precipitation measured at the Huelva weather station (located 11 km from the area of study) for the period 1984-2010 is 18.2°C and 525 mm, respectively [22] , with a marked intra-and inter-annual variability of precipitation. Consequently, the rivers present a highly irregular flow, with a significant seasonal and inter-annual variation. The area of study can be considered as a well-preserved coastal area with a high natural value, surrounded by several protected maritime areas included in the European Natura 2000 Network, such as the 'Enebrales de Punta Umbría' (SCI 187 ha), 'Piedras River Marshes and Rompido Spit' (SCI-SPA, 2,409 ha) and the 'Odiel Marshes' (SCI-SPA, 6,618 ha) and has meadows of Zostera noltii and Cymodocea nodosa (the latter in regression) in the mouth of the Piedras river [23].
Identification of the stranded organisms
The location of the organisms stranded on the stretch El Portil-Punta Umbria (10.5 km) , between the mouths of the Piedras River and the Ciate Channel was first analyzed. The stranded organisms were identified on March 8th. Specialized keys were used for the decapod crustaceans (Gebiidea) [24] , and for the rest of decapods [25] . The guide [26] was used for molluscs. It was not possible to reliably quantify the abundance of stranded organisms due mainly to three reasons: (i) Four days passed after the first news that a mass stranding of starfish was reported. At that time, a portion of the stranded organisms (e.g., starfish) had been washed away by the tides, as some locals reported; (ii) numerous organisms were selectively collected by local shellfish catchers (e.g., starfish, sipunculids, molluscs, and polychaetes) (Figure 2d ), either as bait for sport fishing or for decorative The coast is affected by a meso-tidal regime with an average tide range of 2.2 m (maximum range in spring tides = 3.7 m, and in neap tides = 0.7 m). The average significant wave height (H s ) in the study area is 0.7 m and an average wavelength of ca. 40 m acts on the open systems of the coast. The dominant waves come from the southwest (SW), and the beach is orientated ca. 118 deg measured clockwise to the North, which gives rise to a coastal drift that transports sediment from west to east and that is responsible for the construction of the beaches and the sandy formations located in front of the fluvial estuaries [21] . The climate in the Mediterranean consists of hot and dry summers, and mild and humid winters. The average temperature and precipitation measured at the Huelva weather station (located 11 km from the area of study) for the period 1984-2010 is 18.2 • C and 525 mm, respectively [22], with a marked intra-and inter-annual variability of precipitation. Consequently, the rivers present a highly irregular flow, with a significant seasonal and inter-annual variation. The area of study can be considered as a well-preserved coastal area with a high natural value, surrounded by several protected maritime areas included in the European Natura 2000 Network, such as the 'Enebrales de Punta Umbría' (SCI 187 ha), 'Piedras River Marshes and Rompido Spit' (SCI-SPA, 2,409 ha) and the 'Odiel Marshes' (SCI-SPA, 6,618 ha) and has meadows of Zostera noltii and Cymodocea nodosa (the latter in regression) in the mouth of the Piedras river [23].
The location of the organisms stranded on the stretch El Portil-Punta Umbria (10.5 km), between the mouths of the Piedras River and the Ciate Channel was first analyzed. The stranded organisms were identified on March 8th. Specialized keys were used for the decapod crustaceans (Gebiidea) [24] , and for the rest of decapods [25] . The guide [26] was used for molluscs. It was not possible to reliably quantify the abundance of stranded organisms due mainly to three reasons: (i) Four days passed after the first news that a mass stranding of starfish was reported. At that time, a portion of the stranded organisms (e.g., starfish) had been washed away by the tides, as some locals reported; (ii) numerous organisms were selectively collected by local shellfish catchers (e.g., starfish, sipunculids, molluscs, and polychaetes) ( Figure 2d ), either as bait for sport fishing or for decorative purposes; and (iii) predation by seabirds of the stranded animals (Figure 2e ). Information on species abundance and biomass could have enriched the discussion and strengthen the conclusions reached in this paper. Despite these limitations, however, we provide a semiquantitative category of relative abundance for each organism (rare, occasional, frequent, abundant, and dominant) based on in situ observations. Also, the most abundant organisms were recorded, and, in the case of Upogebia deltaura and U. pusilla (Crustacea, Decapoda, hereinafter Upogebia spp.), as clearly the most abundant group (Figure 2c, Figure 3a ,b), the measurement of abundance was made in n = 8 quadrats of 0.25 m 2 as a proxy to the order of magnitude of the stranding. purposes; and (iii) predation by seabirds of the stranded animals (Figure 2e ). Information on species abundance and biomass could have enriched the discussion and strengthen the conclusions reached in this paper. Despite these limitations, however, we provide a semiquantitative category of relative abundance for each organism (rare, occasional, frequent, abundant, and dominant) based on in situ observations. Also, the most abundant organisms were recorded, and, in the case of Upogebia deltaura and U. pusilla (Crustacea, Decapoda, hereinafter Upogebia spp.), as clearly the most abundant group (Figure 2c, Figure 3a ,b), the measurement of abundance was made in n = 8 quadrats of 0.25 m 2 as a proxy to the order of magnitude of the stranding. 
Meteorological and oceanographic conditions
The meteorological conditions during the storm event, including air temperature ( • C), precipitation (mm), wind speed (km/h) and wind direction (reported by the direction from which it originates), were recorded and provided by the City of Huelva weather station (37 • 16 42" N; 6 • 54 42" W), located less than 12 km from the site of stranding. The oceanographic data were obtained from the 'Portus' database from 'Puertos del Estado' official website (http://www.puertos.es/en-us/oceanografia/Pages/portus.aspx). The data (with hourly time resolution) on significant wave height, H s , wave peak period, T p , and wave direction, θ N , were obtained from the directional wave buoy of the Gulf of Cadiz, anchored at a depth of 450 m (36 • 28 48" N; 6 • 57 36" W).
On the other hand, data on atmospheric pressure, sea level and port agitation (i.e., water level oscillations inside a port basin) were obtained from the Huelva 5 tide gauge (37 • 7 48" N; 6 • 49 48" W), located inside the Mazagón marina, 11 km from the site of stranding. As the tide gauge is sheltered from wind waves (i.e., wave periods between 1 and 30 s), the sea level data recorded by the tide gauge are not affected by the wind swell, and their oscillations are mainly due to a combination of astronomical and meteorological tides. From 'Puertos del Estado' website, the hourly time series of the different oceanographic variables were downloaded from 12:00 21/02/2018 to 23:00 11/03/2018.
Model-based morphodynamics of stranding
The morphodynamic changes during the storm were simulated using the CSHORE numerical model [19] . CSHORE is a profile morphodynamic model (e.g., it assumes longitudinal beach uniformity) that solves the time and depth-averaged continuity and conservation of energy equations to estimate the alongshore and across shore sediment transport, the associated bathymetric changes, as well as other engineering variables of interest, such as overwash heights. The input parameters of the model are the beach profile elevation, average grain size (d50) of the sediment, boundary conditions at the seaward end of the profile (root mean square wave height, H rms , peak period, T p , and direction, θ, and the surge and sea level, due to the astronomical and meteorological tides) (see Supplementary Materials). The wave direction θ in CSHORE is the incident angle relative to the shore normal at the study site (convention is positive counterclockwise).
Due to the lack of hydrodynamic and sediment transport observations during the storm event, the default values recommended by [19] were used (Appendix A). The hourly wave time series from Puertos del Estado of H s , T p , θ N and Sea Level was used as boundary conditions at the seaward end (x = 0) of the bottom profile. We have used the relationship H s = 1.42 × H rms [27] , to convert the recorded H s to H rms . The wave direction relative to the North, θ N , was converted to wave direction relative to the beach normal at the study site as θ = 208 deg − θ N , where 208 deg is the direction of the shore normal measured clockwise relative to the North (i.e., shore is orientated 118 deg clockwise to the North) at the study site. Waves coming from wave angles θ N larger than 208 deg will result in θ < 0 (i.e., longshore sediment transport is from El Portil towards Punta Umbria) and θ N smaller than 208 deg will result in θ > 0 (i.e., longshore sediment transport is from Punta Umbria towards El Portil). Main organisms observed in the mass stranding occurred at Punta Umbría beach during storm Emma (see Table 1 for details). The input beach profile was obtained by combining the topographic data of the beach presented by [28] , and those taken from the nautical map of the area at a scale of 1:50000 along a transect perpendicular to the beach. Figure 4 shows the approximate location of the transect along which the topography and bathymetry have been extracted. The bottom elevation along the perpendicular transect to the beach, from the hydrographic zero up to 100 m water depth were extracted from the nautical map of the area at the intersection of the bathymetry contour lines and the transect. The red and black segments indicate the segments between the different bathymetric lines (e.g., 0-5 is the segment between the bathymetric lines 0 and 5 m).
Results

Distribution of the stranded animals and major taxa
In the prospected section, the stranded animals were concentrated exclusively in the vicinity of the Punta Umbría breakwater, in a band of approx. 1.3 km ( Figure 1 ). Stranded animals were added in bands of variable width along the sandy intertidal area, apparently segregated by size: Smaller soft-body organisms, such as decapods and polychaetes were more abundant near the shore, while larger organisms, such as Cybium olla shells and tunicates (Figure 3e ), as well as numerous anthropogenic wastes (nets, traps, pots, etc.), were concentrated near the high tide line (Figure 2b ). Most of the stranded animals appeared on dark macrodetritus (cohesionless, organic particles > 0.5 mm) (Figures 2 and 3 ) whose observation at the dissecting microscope revealed that it consisted mainly of plant remains.
Most of the taxa observed (23 out of 26) were benthic invertebrates, with the exception of tunicates and isolated specimens of fish, such as Solea sp. and Scyliorhinus canicula ( Table 1 ). The most abundant taxa were mud shrimp (Upogebia deltaura and U. pusilla) (Figure 2c (Table 1 ). In the specific case of Upogebia spp., an average of 248 indiv/m 2 (n = 8) was counted. Taking into account only the area where the greatest accumulations of stranded organisms were found (about 2.4 ha) ( Figure 1 ) and omitting any predation by seabirds as the animals reached the shore (Figure 2f ), the stranding may have affected approximately 5.9 million Upogebia spp. individuals. Reference [28] showed how beach profiles throughout the study area differ according to the most recent history of oceanographic conditions, thus, differentiating between more reflective and temporary or more dissipative good weather profiles. For this study, we have selected the winter profile corresponding to transect number 9 located in the vicinity of the stranding area [28] . This transect was selected as it was closest to the stranding and was published on an open access peer-reviewed journal. The winter profile was chosen for the observation in the storm series of waves, due to the existence of storms during the month prior to storm Emma. The bottom elevation data from the depth of ca. −1 m to ca. +8 m were extracted from the winter Huelva area profile number 9, shown in Figure 4 in [28] . The elevations provided by [28] , and the nautical charts are referenced to the hydrographic zero and were merged to produce a topo-bathymetric profile from −100 m water depth to ca. +8 m elevation. It was assumed that the average grain size was d50 = 0.42 mm, according to observations made by [28] for this profile during winter.
Results
Distribution of the stranded animals and major taxa
In the prospected section, the stranded animals were concentrated exclusively in the vicinity of the Punta Umbría breakwater, in a band of approx. 1.3 km ( Figure 1 ). Stranded animals were added in bands of variable width along the sandy intertidal area, apparently segregated by size: Smaller soft-body organisms, such as decapods and polychaetes were more abundant near the shore, while larger organisms, such as Cybium olla shells and tunicates (Figure 3e ), as well as numerous anthropogenic wastes (nets, traps, pots, etc.), were concentrated near the high tide line (Figure 2b ). Most of the stranded animals appeared on dark macrodetritus (cohesionless, organic particles >0.5 mm) ( Figures 2 and 3 ) whose observation at the dissecting microscope revealed that it consisted mainly of plant remains.
Most of the taxa observed (23 out of 26) were benthic invertebrates, with the exception of tunicates and isolated specimens of fish, such as Solea sp. and Scyliorhinus canicula ( Table 1 ). The most abundant taxa were mud shrimp (Upogebia deltaura and U. pusilla) (Figures 2c and 3a,b) , sipunculid (Sipunculus nudus) (Figure 3a,c) , the crab Atelecyclus undecimdentatus (Figure 3b ) and the hermit crab Dardanus arrosor (Figure 3f,g) . Sand starfish of the genus Astropecten (Echinodermata) (Figure 3d ), bivalve molluscs (e.g., Pharus legumen, Lutraria lutraria, Loripes lucinalis, Acanthocardia tuberculata, Solen marginatus) (Figure 3g ), gastropods (e.g., Bolinus brandaris, Euspira sp.) (Figure 3f ,h) and tunicates (mainly Phallusia mammillata) ( Figure 3e ) were also abundant ( Table 1 ). In the specific case of Upogebia spp., an average of 248 indiv/m 2 (n = 8) was counted. Taking into account only the area where the greatest accumulations of stranded organisms were found (about 2.4 ha) ( Figure 1 ) and omitting any predation by seabirds as the animals reached the shore (Figure 2f ), the stranding may have affected approximately 5.9 million Upogebia spp. individuals. Torrential rains between February 28 and March 2 (total 113 mm) ( Figure 5c ).
Met-ocean conditions
These phenomena coincided with the passage of storm Emma. Warnings of waves of up to seven meters were issued by the Spanish Meteorological Agency (AEMET) on February 28, 2018.
The observed peak wave periods ( Figure 6b ) and port agitation data suggest that most of the wave energy was within the expected wave period of wind swell between 5 and 12 s during storm Emma. The wave buoy is limited, by design of the measurement system, to maximum wave periods of 30 s, so that the absence of wave peak periods in these frequencies does not always imply that there was no wave energy of longer periods. The agitation data from the Mazagón port, on the other hand, was measured continuously at frequencies of 2 Hz, making it possible to detect long-period swells (i.e., >30 s). However, the agitation data during storm Emma inside the harbor did not exceed 0.51 m and 7 s periods suggesting the absence of long waves. These phenomena coincided with the passage of storm Emma. Warnings of waves of up to seven meters were issued by the Spanish Meteorological Agency (AEMET) on February 28, 2018.
The observed peak wave periods (Figure 5b ) and port agitation data suggest that most of the wave energy was within the expected wave period of wind swell between 5 and 12 s during storm Emma. The wave buoy is limited, by design of the measurement system, to maximum wave periods of 30 s, so that the absence of wave peak periods in these frequencies does not always imply that there was no wave energy of longer periods. The agitation data from the Mazagón port, on the other hand, was measured continuously at frequencies of 2 Hz, making it possible to detect long-period swells Figure 8 shows the depth-integrated and time averaged bedload, suspended and total (i.e., combined bedload and suspended) cross shore sediment transport rates according to the morphodynamic simulation. During non-storm conditions, before and after storm Emma, most of the cross shore sediment transport is limited to the shallow zone region of the profile (zone of depths lower than ca. −7.0 m), while during storms conditions the cross shore sediment transport is significant (> 0 m 2 /s) along the entire simulated beach profile (from the depth of -20 m up to the dry beach). By definition in CSHORE, the direction of the simulated cross shore bedload sediment transport is always from sea to land (i.e., positive values), while the direction of the sediment transport in suspension and total sediment transport varies along the profile, with regions where the direction is seaward (i.e., negative values) and regions where the direction is landward. This change of direction of the suspended and total sediment transport is more evident during storm conditions when the total transport is landwards for depths between ca. −20 m to −10 m (i.e., dominated by the onshore bedload sediment transport) and seawards for depths between ca. −10 m to the low swash area (i.e., area that is always submerged). Figure 8 shows the depth-integrated and time averaged bedload, suspended and total (i.e., combined bedload and suspended) cross shore sediment transport rates according to the morphodynamic simulation. During non-storm conditions, before and after storm Emma, most of the cross shore sediment transport is limited to the shallow zone region of the profile (zone of depths lower than ca. −7.0 m), while during storms conditions the cross shore sediment transport is significant (>0 m 2 /s) along the entire simulated beach profile (from the depth of −20 m up to the dry beach). By definition in CSHORE, the direction of the simulated cross shore bedload sediment transport is always from sea to land (i.e., positive values), while the direction of the sediment transport in suspension and total sediment transport varies along the profile, with regions where the direction is seaward (i.e., negative values) and regions where the direction is landward. This change of direction of the suspended and total sediment transport is more evident during storm conditions when the total transport is landwards for depths between ca. −20 m to −10 m (i.e., dominated by the onshore bedload sediment transport) and seawards for depths between ca. −10 m to the low swash area (i.e., area that is always submerged).
direction is seaward (i.e., negative values) and regions where the direction is landward. This change of direction of the suspended and total sediment transport is more evident during storm conditions when the total transport is landwards for depths between ca. −20 m to −10 m (i.e., dominated by the onshore bedload sediment transport) and seawards for depths between ca. −10 m to the low swash area (i.e., area that is always submerged). Figure 9 shows a comparison of the cross shore variation of sediment transport and hydrodynamic conditions during non-storm conditions (24/02/18 and H rms = 0.87 m at x =0) and during the peak of the storm (01/03/18 and H rms = 4.43 m at x=0). As mentioned above, during storm conditions the entire profile (i.e., from depth -20 m to 0 m) is active, while during non-storm condition only the shallowest section of the profile is active. Interestingly, the maximum depth-integrated longshore current velocity, V mean , is observed during non-storm conditions where V mean = −0.62 m/s (i.e., the negative sign indicate that transport was from El Portil towards Punta Umbría) which is larger than the maximum value V mean = −0.48 m/s during the storm condition. Simulated wave-induced alongshore current is very sensitive to, among others, the shape of the profile, which was not measured during the storm event-therefore, the simulated values have to be interpreted with caution. The maximum depth-integrated cross shore current velocity, U mean , was similar under storm and non-storm conditions and ca. −0.3 m/s (i.e., the negative value sign indicate that current direction was offshore). The maximum total cross shore sediment transport, q x , was one order of magnitude larger during the storm conditions, q x~7 × 10 −5 m 2 /s, than during non-storm conditions q x~7 × 10 -6 m 2 /s. The maximum total longshore sediment transport, q y , during the storm conditions was ca. twofold (q y = 6.0 × 10 -4 m 2 /s) the maximum value during non-storm conditions (q y = 3.4 × 10 -4 m 2 /s). The sediment transport is the product of the sediment in motion and the cross shore or alongshore velocities. Since the differences on the maximum velocities under storm and non-storm conditions are of a similar order of magnitude, it suggests that the large differences on sediment transport between non-storm and storm conditions were mostly due to much higher volumes of sediment been in motion (i.e., either as bed load or suspended load) during the storm conditions. The sediment transport is the product of the sediment in motion and the cross shore or alongshore velocities. Since the differences on the maximum velocities under storm and non-storm conditions are of a similar order of magnitude, it suggests that the large differences on sediment transport between non-storm and storm conditions were mostly due to much higher volumes of sediment been in motion (i.e., either as bed load or suspended load) during the storm conditions. 
Discussion
The Exceptionality of the stranding
The occurrence of a massive stranding during the first days of March 2018 coincided with the passage of storm Emma. Unlike other strandings in the SW of the Iberian Peninsula that affected specific taxonomic groups, such as Physalia physalis [29] , algae [30] or molluscs [31] , in this case, the variety of benthic organisms typical of intertidal and subtidal waters, mostly invertebrates, was of special interest. These animals are not usually seen as part of beach-cast remains on a regular basis and much less in a massive way, which suggests that the mortality documented in this paper was an exceptional event. On the other hand, many specimens were still alive, which would rule out any event of contamination, poisoning or diseases. Curiously, during the March 6th to 8th, the beaches of the Bay of Cadiz also experienced a mass stranding of Physalia physalis [32] . On these same dates and 
Discussion
The Exceptionality of the stranding
The occurrence of a massive stranding during the first days of March 2018 coincided with the passage of storm Emma. Unlike other strandings in the SW of the Iberian Peninsula that affected specific taxonomic groups, such as Physalia physalis [29] , algae [30] or molluscs [31] , in this case, the variety of benthic organisms typical of intertidal and subtidal waters, mostly invertebrates, was of special interest. These animals are not usually seen as part of beach-cast remains on a regular basis and much less in a massive way, which suggests that the mortality documented in this paper was an exceptional event. On the other hand, many specimens were still alive, which would rule out any event of contamination, poisoning or diseases. Curiously, during the March 6th to 8th, the beaches of the Bay of Cadiz also experienced a mass stranding of Physalia physalis [32] . On these same dates and also coinciding with storm Emma, the stranding of 'thousands' of animals (including starfish, lobsters, clams, bryozoans, anemones and crabs among others) was reported on the shores of southern England (Ramsgate, Kent) [33, 34] . Both localities (Ramsgate in England and Punta Umbría in Spain) have in common the presence of docks next to the place of stranding (in the first case, the docks are part of the port of Ramsgate). This suggests that docks could facilitate the concentration of organisms removed by the storm on specific sections of the dry beach.
Regarding the surface affected by the storm, both the biology of the organisms found and the presence of anthropogenic remains (some with obvious signs of wear and colonization of sessile organisms, probably lost or abandoned long ago, Figure 2b ) suggest that the mortality affected both the intertidal, and part of the subtidal zones. For example, the decapods Upogebia spp. are typical of intertidal and subtidal or estuarine zones up to 45 m deep [35, 36] . Sipunculus nudus inhabits the sandy intertidal area, inside non-permanent galleries 15-35 cm deep [37] . The sand urchin Echinocardium cordatum populates sandy bottoms up to 200 m deep and can be buried up to 20 cm in the substrate [38] . The bivalve Pharus legumen inhabits depth range of 5-25 m [39] , whereas, Lutraria lutraria inhabits muddy sands at very low spring tides and offshore to a depth of 90 m [40] . Likewise, Ophiura ophiura can live from the low-water line up to 800 m deep. Therefore, the stranding of this varied array of benthic organisms highlights the power of severe storms to mobilize sediments and organisms to considerable depths and affect populations of organisms located some distance from the shore [41] .
Causes of stranding
The intense winds from the SW-W and the usual coastal drift towards the East, would have caused a transport of sediments towards the Punta Umbría breakwater. These processes would have been intensified by the torrential rains that increased the flow of the Piedras River, as well as by very high H s (maximum for all existing records in 1996-2018). In addition, the spring tides and low pressures justified the annual maximums of sea level recorded between March 1st and 4th, 2018 (sea level up to 4.12 m). Therefore, the combined effect of low pressures, spring tides and wind in the direction of the beach would mean that the sea could have risen 2.3 m above the average level [42] . This increase, besides a highly erosive effect on the beach, could have affected the burial and mobilization of benthic organisms, accentuated by the large swell. The damage caused to the lighthouse located at the end of the Punta Umbría dock, on the afternoon of March 1st, 2018 [43] serves as an indicator of the force reached by the swell during the passage of storm Emma.
In addition, the presence of a curved dock at the eastern end of the Punta Umbria beach would have played an important role in the stranding, as suggested by the accumulation of organisms only at the eastern end of the El Portil-Punta Umbria stretch. This curved jetty was built in 1986, with the main objective of acting as a sediment trap to reverse the coastal regression that threatened some buildings near the high tide line. As a consequence, since the construction of the curved dock and other actions in the neighboring Ria de Huelva (mouth of the Tinto and Odiel rivers), the sedimentary dynamics have been altered. The waves are accumulating sediment on the western side of the curved dock, causing the accretion of the beach at a rate of 1.1 m/year [44] .
Likewise, the SW-W winds, which are dominant in the area (22.5%) [44] , would have favored the dock acting as a dead end for the organisms carried by the strong waves and the intensified coastal drift. In fact, the situation of continued low pressure did not end until March 7th, which would explain why the arrival of benthic organisms persisted for several days after the notable stranding of starfish documented by the local media on March 4th [45] . In sum, our results suggest that the extreme climatic conditions occurred during storm Emma provoked a combination of sediment burial and subsequent drag to the beach o benthic marine animals (most of them invertebrates), in accordance with [6] .
The composition of stranded organisms here reported suggests that not all benthic fauna is equally sensitive to extreme stormy events. Following this reasoning, stranded animals, such as Upogebia spp., Sipunculus nudus, Atelecyclus undecimdentatus or Lutraria lutraria would have a lower resistance to burying and trawling during extreme stormy events than other crabs or molluscs, such as Portumnus latipes and Donax trunculus that were not present (or were under-represented) in the mass stranding. The most abundant species present in the stranding (i.e., Upogebia spp.) excavate deep, complex galleries (e.g., up to 68 cm in Upogebia deltaura) [46] , or remain deep-burrowed since early stages (e.g., Pharus legumen and Lutraria lutraria are buried at depths greater than 15 cm) [47] or have a limited resistance to re-burrow after sediment disturbance. For example, repeated exposure to the sediment surface would constitute a weak point for L. lutraria, due to its limited capacity to re-burrow after 48 h [40] . Sipunculus nudus colonizes sediments from the intertidal zone to depths of 160 m [48] , and lies buried in the sand without building an elaborate gallery. It only forms a small funnel above the anterior part of the body that gives it access to water to breathe [49] . Occasionally, S. nudus can dig rapidly when the action of the waves pulls it out of the sand; however, the energy required by such muscular activities exceeds what it can generate with its aerobic metabolism, requiring activating an anaerobic metabolism [50] . Despite the ability of S. nudus to combine aerobic-anaerobic metabolisms, this species exhausts after 15 digging events in 45 min [50] . In contrast, the absence of Donax trunculus among the stranded organisms, a common bivalve of intertidal and shallow subtidal zones (between 0 and 6 m depth on the Atlantic coast), may be explained by its ability to fast and repeated burrowing (mean burrowing times = 14-65 s in fine and medium sands) [51] . This ability represents an adaptation to avoid the risk of surface transport and stranding on the swash zone, where highly frequent disturbance occurs [52] . In this sense, D. trunculus and L. lutraria show opposing strategies, adapted to very different environments, i.e., much more stable in the case of the long-living bivalve L. lutraria and highly disturbed in the case of D. trunculus (that shows a shorter life cycle). This suggests that L. lutraria is much more vulnerable to extreme sediment transport events than D. trunculus. Simulations support this hypothesis and suggest that benthic organisms living at a water depth between −10 m to −0.3 m were buried under a layer of sediment of up to ca. 10 cm deposited during storm Emma. This burial preceded the transport of intertidal and subtidal benthic organisms to the dry beach, causing their stranding. The composition of the stranded organisms provides evidence of the outstanding magnitude of disturbance that affected the sea bed during storm Emma. The presence of the starfish Astropecten sp. is also rather surprising because these animals use to migrate offshore into deeper waters during the winter months probably to avoid strong onshore wave surges [53] .
Ecological consequences of the stranding
In relation to the possible effects of stranding on biodiversity, resilience and ecosystem services, the high density of mud shrimp (Upogebia deltaura and Upogebia pusilla) was alarming. Upogebia pusilla colonizes fine and muddy sands from the intertidal area to 6 m. Upogebia spp. dig deep galleries that ventilate through the action of their pleopods [46, 54] . This way, the bioturbation activity of Upogebia spp. influences the biogeochemistry of marine sediments, increasing the area available for the exchange of solutes between the sediment and the water column, as well as the thickness of the oxygenated layer of the sediment. This activity, in turn, increases microbial processes, such as denitrification [55] . These decapods are considered the most abundant organisms of the sandy and maerl seafloors, with densities that can reach 100-200 indiv/m 2 [46, 54, 56] , which would coincide with its relative abundance in the studied case of stranding. For this reason, Upogebia spp. offer an ecosystem service related to the release of a part of the anthropogenic nitrogen load in coastal waters, which in turn would have a beneficial effect on the quality of the habitat and its associated community [55] . Therefore, the mass mortality of gebiid decapods observed after storm Emma would result in a reduction in the degree of bioturbation and oxygenation of the sediment and the biogeochemical processes that occur at the water-sediment interface. Moreover, due to its high abundance in coastal sediments, the massive mortality of Upogebia spp. could cause cascade effects on other taxonomic groups, including predators of commercial interest [57] [58] [59] . The massive stranding of benthic ascidians could also lead to certain levels of reduction in the quality of the habitat. Although its role as filter feeders is not considered relevant in marine trophic networks unlike pelagic tunicates (e.g., salps), in situations of shallow or typically turbid waters, such as those existing in the study area, the massive loss of benthic ascidians may have a negative influence on the quality of water or on phytoplankton [60, 61] . Likewise, the massive stranding of starfish may involve additional changes in community composition regarding their ecological role as high-level predators of intertidal and subtidal benthic communities, where they promote heterogeneity and diversity [62] [63] [64] . Particularly, Astropecten spp. (Fam. Astropectinidae) are voracious predators, feeding mainly on gastropods and bivalves.
The stranding also revealed that severe storm events involve the deposition of a large amount of macrodetritus (dark particles on the beach). This type of material usually accumulates in the marshes and the river basin. During the storm, which was accompanied by rains, this material was likely dragged by the river Piedras and other torrents to the beach [65] . Being of vegetable origin, it has positive buoyancy, which explains why it was deposited in the upper limit of the swash zone. Despite it may have a positive impact on terrestrial dune vegetation (providing an extra nitrogen input), the accumulation of such macrodetritus on the sediment surface involved a change of the habitat properties that may have affected benthic organisms (i.e., impeding the construction of galleries by gebiid decapods typical of fine sands and muddy sediments).
Regarding the duration of the effects of the mass mortality, the longevity data of the animals found suggests that it will take several years to recover the levels of abundance and biomass that the affected species presented before storm Emma. For example, the documented longevity for Upogebia pusilla and other members of the Gebiidea and Axiidea families is between 3 and 5 years [66] . In sum, the exceptional climatic and oceanographic events occurred during storm Emma (including the occurrence of the maximum wave heights recorded in more than 20 years) and the variety of organisms affected, we suggest that the stranding here documented could be cataloged as 'catastrophe', according to [17] . An eventual increase in the frequency of this type of severe stormy events may involve worrying consequences in intertidal and subtidal communities, as well as the ecosystem services they provide. Our results are of interest both to marine biologists, but also to paleontologists as may help interpret similar mass mortality events in the fossil record [67] .
